Cross sections for electron impact ionization of neutral atoms are important in modelling of low temperature plasmas and gases. Cross sections for ionization have been calculated for ionization from ground levels and lowlying metastable levels of Si, Ge, Sn and Pb. We use the binary-encounterBethe approximation (BEB) for direct ionization and the scaled plane-wave Born approximation for excitations to autoionizing levels. Multiconfiguration Dirac-Fock wavefunctions have been used for the atomic structure. We have also employed a technique to accurately determine the range of excitation energies of the dominant autoionizing levels. It is clear that autoionization is important in these elements and must be included to obtain accurate total ionization cross sections. The calculated ionization cross sections are in good agreement with experimental measurements.
Introduction
Cross sections for ionization of atoms by electron impact are essential input data in the modelling of low-temperature plasmas used in industrial applications such as semiconductor fabrication and material coating. Atoms commonly used in such applications, such as silicon and germanium, are open-shell atoms that pose challenges to both experimental and theoretical studies of collision cross sections. Experimentally, it is not easy to prepare a large quantity of these atoms in their ground states in gaseous forms. Theoretically, extensive configuration mixing is needed to accurately describe their electronic structure, which in turn makes it difficult to obtain reliable cross sections with advanced collision theories.
In the early 1990s, Freund et al [1] published experimental cross sections for total ionization of many neutral atoms by electron impact. Most of these target atoms were prepared by neutralizing singly charged ions by charge transfer. For open-shell atoms such as those treated in this paper, the charge transfer process tends to produce the neutralized atoms not only in their ground state but also in low-lying metastable states. Although the presence of metastable target atoms in the measurements is easy to see from the threshold energies at which ions begin to emerge, the fraction of the atoms in each low-lying state is usually not known.
The carbon-like structure of the atoms treated in this paper have electron configurations of closed shells plus a ns 2 np 2 valence shell, with n = 3, 4, 5 or 6 for Si, Ge, Sn and Pb, respectively. These configurations give rise to ground levels of 3 P j with j = 2, 1, 0, and low-lying metastable levels 1 D 2 and 1 S 0 . In addition to direct electron impact ionization of the valence shell, ioniztion can be caused by impact ionization of an inner shell. The threshold energy for ejection of an inner shell electron is large for these atoms, however, and so the cross section for direct ionization of an inner shell is small for most of the incident electron impact energies that we consider. Direct inner shell ionization is, therefore, not included in our calculations.
A second mechanism for ionization is important, however. This is excitation to an excited bound level in the continuum followed by autoionization. This process of excitationautoionization, EA, occurs most easily to excited levels of the nsnp 3 configuration, where one of the valence shell 's' electrons is excited. Levels that are easily excited are levels that are permitted by electric dipole-allowed and spin-allowed selection rules in the LS coupling scheme. Excitation cross sections for levels that are not connected by these selection rules have much smaller values and are not included in our calculations.
Levels permitted by the selection rules for excitation from the ground levels are nsnp 3 3 S 1 , 3 P 0,1,2 and 3 D 1,2,3 . Levels permitted for excitation from the low-lying metastable levels are nsnp 3 1 D 2 and 1 S 0 . We include excitations to these levels when the levels are in the continuum and when autoionization to the corresponding ion levels does not require a parity change. More specification of the relevant levels for each target atom are discussed in the sections on results. We assume, when autoionization is allowed, that it occurs with 100% probability rather than decaying radiatively.
Quantum-mechanical Born approximation ionization calculations for these elements have been done by McGuire [2] and by Bartlett and Stelbovics [3] using modifications to reduce the well-known overestimation of the Born approximation at low energies. McGuire's scaled Born approximation gave cross sections for Sn that are high compared to measurements of Freund et al [1] by about 5% in the peak region of the cross section, and high by more than 30% for Ge. The Bartlett and Stebovics Born calculation includes a Coulomb wave for the ejected electron that is made orthogonal to the occupied atomic orbitals. Their cross sections for Ge and Sn are generally low compared with the measurements at energies below the energy of the peak cross section but agree with the measurements in the peak region. For Si, their peak cross section is too high by about 8% compared to the measurements of Freund et al [1] and occurs at too high an energy, while the values are too low at energies below the peak.
Neither of these two quantum-mechanical calculations allows for the target atom to be in a metastable state and neither includes EA. Including EA would increase their calculated cross sections, giving even less agreement with the measurements.
The theoretical models we have used enable us to calculate separate ionization cross sections for the target atoms in the ground and metastable states. Such separate cross sections in turn enable plasma modellers to use arbitrary mixtures of ground-state and metastable atoms to improve agreement with observations and to test the sensitivity of plasma characteristics to external paramaters. The binary-encounter-Bethe (BEB) [4] model provides accurate cross sections for the direct ionization of neutral target atoms by electrons. It is a simple, easy to use formula without adjustable parameters. Numerous applications of the method have established its accuracy for both atoms and molecules [5] [6] [7] [8] .
Ionization by EA events is included by calculating excitation cross sections to autoionizing levels by the scaled plane-wave Born (scaled PWB) procedure developed earlier by Kim [9] .
Theory
The BEB model is a simplified version of the more detailed binary-encounter-dipole (BED) model of Kim and Rudd [4] . The BED model combines a modified form of the Mott cross section [10, 11] with the Bethe theory [12, 13] . The BED model calculates the singly differential cross section, or the energy distribution of secondary (ejected) electrons, and requires the continuum oscillator strength, df/dE, where E is the photon energy, for each atomic orbital. To cover a wide range of incident electron energy T, the BED model requires df/dE for each orbital from the threshold to over 1000 eV in E.
The exact form of the df/dE for H-like ions is known from theory [14] , while one can sometimes deduce df/dE from either theoretical or experimental photoionization cross sections for other atoms. The BEB model uses a simple form for df/dE for each initial state orbital when accurate df/dE for each orbital is not available. The expression for total ionization cross section in the BEB method is based on equation (57) of Kim and Rudd [4] and given explicitly as equation (5) in Hwang, Kim and Rudd [5] . The cross section for the ionization of each orbital by an incident electron of energy T is
where
529Å (Bohr radius), and R = 13.61 eV (Rydberg energy). The constant N is the number of electrons in the orbital, B is the orbital binding energy, and U = p 2 /2m is the orbital kinetic energy of the target electron. In general, U and B are calculated from an atomic or molecular wavefunction code, except that B for the valence electron is obtained from the experimental ionization energy. The orbital cross sections equation (1) are summed over all the electron orbitals to get the total ionization cross section for the atom or molecule.
The BEB theory is an impact theory for an incident electron interacting with a bound target electron. As such, it cannot account for multiple ionization of the target by a single encounter. At high energies, where multiply ionized targets might be expected, the theory only accounts for the production of singly ionized targets. Our comparison with experiments is, therefore, only for singly ionized targets. Inner shell orbitals below the valence shell usually contribute little to the total ionization cross section because of their large binding energies, and so we include only the valence orbitals in our calculations.
An estimate of doubly ionized target cross sections can be made from the BEB theory by summing twice the cross section for ionization from an inner shell electron when the binding energy of the inner shell is sufficient to release a second electron by the Aujer effect. Similarly, triply ionized cross sections could be obtained by summing the BEB cross section three times for an inner shell orbital with sufficient binding energy to release two additional electrons, and so forth for higher multiple ionizations. We have not included these estimates in this work.
We obtained U and B for each orbital using a Dirac-Fock wavefunction code [15] . A modification has been introduced into equation (1) to reduce u + 1 in the denominator for atomic orbitals with the principal quantum number n 3. In earlier applications of the BEB model, Hwang et al [5] found that the cross sections for these orbitals at energies below the energy of the peak cross section are reduced too much by the u + 1 term because the kinetic energy of valence orbitals with many radial nodes becomes very high (e.g., U = 97.03 eV, B = 14.86 eV for Pb 6s). The large value is related to the contraction of the radial wavefunctions as the charge increases and larger orbitals are introduced. The denominator on the right-hand side of equation (1) is therefore replaced by t + (u + 1)/m where m = 1 when n = 1, 2 and m = n when n 3. The BEB cross section becomes
This expression is used for all the BEB cross sections in this work. The success of the BEB model over earlier ionization theories can be attributed to two features of the BEB approach. First, the expression t + u + 1 in the denominator in equation (1) reduces the cross section noticeably between the threshold and the peak. The expressions in conventional classical and quantum-mechanical cross section theories have only the kinetic energy t of the incident electron in the denominator. The t + u + 1 denominator occurs naturally in the development of the BEB model but a similar denominator was introduced by Burgess in 1964 [16] . His argument was that the average kinetic energy of the incident electron during the collision process as seen by the target (bound) electron was effectively the incident kinetic energy plus the potential energy of the ionized target electron. The second factor that contributes to the success of the BEB model is the way the Mott cross section is combined with the leading dipole part of the PWB cross section at high energies. The BED theory, on which the BEB model is based, requires both the ionization cross section and the stopping cross section (the ionization cross section multiplied by the energy transferred to the target from the incident electron) to have the correct high-t asymptotic forms as determined by the Bethe theory [12] . These two features have produced much better agreement with experiments at all t than previous ionization theories.
The largest excitation cross sections for excitation to autoionizing levels occur when a core electron of the initial atom is excited to an orbital with the same principal quantum number. For silicon, for example, the ground state is 3s 2 3p 2 3 P 0 and an easily excited level above the ground state is 3s3p 3 3 S 1 . One of the two 3s core electrons has been excited to 3p, an orbital with the same n = 3 principal quantum number. Excitations to other levels with different principal quantum numbers have smaller cross sections and are not included in this paper.
We calculate the excitation cross sections by the scaled plane wave Born method, scaled PWB, developed by Kim [9] . The expression for this cross section is
where σ pwB is the plane wave Born (PWB) cross section for the transition, t = T /B is the incident electron energy normalized to the binding energy, B is the orbital binding energy, and E is the excitation energy of the transition. Our determination of σ pwB is done with a Dirac-Fock code in a single configuration calculation [15] . The PWB cross section is well known to be accurate at high energies and to greatly overestimate excitation of neutral atoms at low energies. The fraction in equation (3) accurately scales the PWB cross section at low energies to give results that agree well with experiments in nearly all neutral atoms calculated so far by this method [9, 17, 18] . The scaling denominator is similar to the denominator for direct ionization in the BEB cross section, equation (1) . It reduces the cross section magnitude at low energies and shifts the peak to a higher energy while keeping intact the high-energy validity of the PWB approximation.
Results
The direct electron impact ionization cross sections are calculated with the BEB formula, equation ( 
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Ionization from the other states in the ground level term, 3 P 0 and 3 P 1 , are nearly identical to 3 P 2 and are not shown. No autoionization is included from the 3 P ground term (see text). The experimental measurements at the threshold show that ionization occurs close to the ionization energy of the 1 D 2 metastable level and well below the threshold for ionization of the 3 P j levels, indicating that some of the target atoms in the experiment were in the metastable level. Calculated cross sections for a mixture of equal parts 3 P 2 and 1 D 2 fit the data throughout the energy range and especially in the peak cross section region. 
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The calculated values for the target in the 3 P 2 level agree well with the experimental data. The other 3 P 0 and 3 P 1 ground term levels differ noticeably from 3 P 2 (see table 4 ) and do not agree as well with experiment, especially in the peak and high-energy regions.
The indirect ionization EA process is calculated by the scaled plane wave Born formula, equation (3) . The direct plus indirect total ionization cross sections are also shown in the tables and the figures. It is clear that autoionization significantly increases the ionization cross sections for each of these elements except for silicon. There are generally several autionizing levels of importance for these elements. These are the levels that are allowed by electric dipole excitation and have the same spin and where one of the electrons in the outer s orbital is excited to the 'p' orbital of the same principal quantum number. For example, the ground terms are ns 2 np 2 3 P j with j = 0, 1 and 2, where n = 3 is the principal quantum number for silicon and n = 4, 5 or 6 for germanium, tin and lead respectively. The dominant autoionizing levels for excitation from the ground terms are nsnp 3 3 P 0,1,2 , 3 S 1 and 3 D 1,2,3 . Lead is the heaviest element we consider and all these levels [15] that we use for the electronic structure of the target atoms does not give very accurate excitation energies to high excited states unless an inordinate number of configurations is included. We have instead relied upon measured spectroscopic data to determine an upper limit to the excitation energy. The energy levels for excited levels of the singly charged ions with an electron configuration of nsnp 2 are generally known [19] for the target elements we consider. These levels are the resulting levels of the autoionization processes we wish to calculate. Accordingly, the energy of these levels above the neutral atom initial level is an uper limit to the excitation energy. There are, however, many nsnp 2 ion levels with term designations of 4 P, 2 D and 2 S. As an upper limit, we have used the energy of the term that differs most from our calculated estimates. Table 1 shows the experimental excitation energies we have used for the four targets of this paper in calculating the scaled PWB cross sections by (3) . Table 2 provides the orbital parameters in the calculation of the direct ionization cross section by BEB formula, equation (2) . The values are calculated by the Dirac-Fock wavefunction code [15] . 
Silicon results
The calculated silicon cross sections for direct and indirect EA are presented in table 3 and plotted in figure 1 . Silicon is a sufficiently low mass target that LS coupling gives an accurate description of the electronic structure. The only autoionizing level that is reached by an electric dipoleallowed and spin-allowed excitation from the 3s 2 3p 2 3 P j ground terms is a 3 S 1 level at 9.877 08 eV above the ground state. Energetically, this level cannot decay into any excited Si + , and does not easily autoionize because of the parity selection rule. To autoionize, the excited triplet S (odd parity) must decay into Si + 3s 2 3p 2 P (odd) plus a free electron. To keep the total orbital angular momentum to be zero of an S state, the free electron must be a p electron. This makes the total parity even, while the triplet S state is odd. The triplet S state cannot, therefore, autoionize easily and must decay by photoemission. Accordingly, there is no significant autoionization of the ground terms of silicon and only direct impact ionization is important.
On the other hand, the silicon metastable states 3s 2 3p 2 1 D 2 and 1 S 0 do have 3s3p 3 1 D 2 and 1 S 0 autoionizing levels. These levels can autoionize without violating the no spin change selection rule.
The three states of the ground term, 3 P 0,1,2 , have binding energies so close that their direct ionization cross sections given by equation (2) The experimental data near the threshold energy [1] show ionization occurring at energies below the 3 P j states. The first experimental ionization energies are, in fact, nearly coincident with the threshold energy for ionization of the 1 D 2 metastable state, suggesting that some target atoms in the experiment were in this metastable state. It is likely that the experiment included some mixture of target atoms in the ground and first metastable state 1 D 2 . The cross sections for a mixture of equal concentration of atoms in these two states is shown in figure 1 and agree well with the experimental data at all energies, especially allowing for the ±10% uncertainty quoted by the experimenters [1] .
Germanium results
Germanium autoionizing levels reached by electric dipole-and spin-allowed excitations include 3 P j and the 3 S 1 state. In contrast to the situation for silicon, the 3 S 1 level is not so well described by the LS coupling but is mixed with other configurations sufficiently that it has a significant probability for autoionizion. We accordingly include it as an autoionizing level in the calculations. The 3 D j excited levels are calculated to be just below the ionization limit and therefore not autoionizing. Spectroscopic measurements agree that the 3 D j levels are bound, but the levels interact with other odd-parity levels of the same J and the identification is somewhat arbitrary [20] . We have excluded these levels from autoionization.
The experimental measurements show ionization beginning in the threshold region at the onset of ionization from the 1 D 2 metastable level, suggesting, as with silicon, that some of the target atoms were in the metastable level. Nevertheless, at higher energies, and especially in the peak cross section region, the experimental measurements are in best agreement with calculations for atoms in the 3 P 2 level. Perhaps the experiment had about 90% of the atoms in the 3 P 2 level and about 10% in the 1 D 2 level. The calculated germanium results for direct and indirect EA are presented in tables 4 and 5, and plotted in figure 2.
Tin results
As with germanium, the autoionizing levels that are reached by dipole-and spin-allowed excitations are the 3 P j levels and the 3 S 1 state. The 3 D 2 level is bound. The atom is sufficiently massive that the three j levels of the 3 P ground term have easily observed separate threshold ionization energies. The experimental measurements, as with the other targets in this study, show ionization occurring at the threshold for ionization of the 1 D 2 metastable level, suggesting that some of the target atoms were in the metastable level. The Table 4 . Germanium direct ionization and total ionization (direct+excitation autoionization) cross sections, Part A. Energy T is in eV. Cross sections are in units ofÅ 2 (10 −16 cm 2 ). best calculated cross sections are for target atoms in the 3 P 2 level of the ground term. As with germanium, perhaps the experiment had about 90% of the atoms in the 3 P 2 and about 10% in the 1 D 2 levels. The calculated tin results for direct and indirect EA are presented in tables 6 and 7, and plotted in figure 3.
Lead results
The Pb target atom is more massive than the others in this study and, as a consequence, the calculated energies of the 3 D j levels lie above the ionization limit and are autoionizing. Spectroscopic measurements support this conclusion in the sense that bound 3 D j levels are not observed [22] . The experimental measurements of Freund et al [1] show an ionization threshold at the 1 D 2 metastable ionization energy. The measured cross section agrees well, however, with the calculated cross section at the threshold for ionization of the 3 P 2 ground state. This suggests that some, but only a few, target atoms in the Freund et al experiment populated the metastable level.
The j -states of the ground term 3 P j of Pb have easily observed separate threshold energies for ionization. Additional experimental measurements for ionization of Pb by McCartney et al [21] show ions appearing in their experiment at the threshold for ionization of the 3 P 0 ground cross sections used in (3) . It might also be caused by a breakdown of the scaling procedure of (3) for heavy atoms.
The calculated results for lead for direct and indirect EA are shown in figure 4 . We have not included a table of the numerical values because the calculations do not seem to be reliable, as evident by figure 4.
Conclusion
The rather good agreement with experiments suggests two conclusions. First, autoionization is significant for these open-shell structure atoms and should be included. Previous theoretical calculations have not included autoionization. Second, the targets in the series of experimental measurements of Freund et al [1] included many atoms in the excited states of the ground term. In the case of silicon, some atoms are in the 1 D 2 metastable state, as evident by comparison of our calculated cross sections for Si with the threshold measurements. Population of targets in excited states and metastable states is reasonable because of their use of charge transfer to prepare the atoms. Our calculations suggest that it is mostly the 3 P 2 excited state that is populated.
The experimental measurements of McCartney et al [21] for lead appear to have the target atoms in the 3 P 0 ground state owing to their use of an oven source for the atoms. The agreement of our calculated cross sections with the measurements for lead is not as good as for the other elements, and the two sets of experimental measurements for lead have rather large error bars and differ significantly from each other.
